Colloidal drug aggregates have been a nuisance in drug screening, yet, because they inherently comprise drug-rich particles, they may be useful in vivo if issues of stability can be addressed. As the first step toward answering this question, we optimized colloidal drug aggregate formulations using a fluorescence-based assay to study fulvestrant colloidal formation and stability in high (90%) serum conditions in vitro. We show, for the first time, that the critical aggregation concentration of fulvestrant depends on media composition and increases with serum concentration. Excipients, such as polysorbate 80, stabilize fulvestrant colloids in 90% serum in vitro for over 48 h. Using fulvestrant and an investigational pro-drug, pentyloxycarbonyl-(p-aminobenzyl) doxazolidinylcarbamate (PPD), as proof-ofconcept colloidal formulations, we demonstrate that the in vivo plasma half-life for stabilized colloids is greater than their respective monomeric forms. These studies demonstrate the potential of turning the nuisance of colloidal drug aggregation into an opportunity for drug-rich formulations.
C olloidal aggregation of small molecules is the leading cause of false hits in early screening and drug discovery. 1, 2 The formation of these self-assembled colloids is characterized by a critical aggregation concentration (CAC), above which small molecules self-assemble into liquid−liquid phase-separated particles. 3, 4 Colloidal aggregates cause both false-positives in enzyme-and receptor-based assays and falsenegatives in cell-based assays. 5−7 The formation of colloidal particles has been reported for thousands of compounds (http://advisor.bkslab.org), 8 including those from screening libraries and from clinically used drugs, such as anticancer, cardiovascular, and antiretroviral therapeutics. 6,9−13 While these aggregates are a serious nuisance for early drug discovery, they have potentially interesting properties as drug formulations. Colloidal aggregates have many aspects desired for delivery as the self-assembly of these compounds leads to defined nanoparticles composed entirely of the active molecule. To be used for drug delivery, the aggregates must be stable in vivo, however, and only a few studies have investigated how colloidal aggregates behave in biological milieus. Doak et al. found that many biopharmaceutics classification system (BCS) class II and IV drugs form colloidal aggregates in simulated intestinal fluid, suggesting colloid formation could play a role in drug formulation and bioavailability. 14 15 Frenkel et al. found that orally administered colloid-forming non-nucleoside reverse transcriptase inhibitors were directed to the lymphatic circulation. 16 The presence of proteins can further impact colloidal drug transport. For example, Owen et al. demonstrated that colloids do form in standard cell culture conditions (10% serum) and observed that colloidal chemotherapeutics did not cross into cells, resulting in an apparent loss in drug cytotoxicity. 17 Efforts to exploit and study colloidal aggregates in high protein milieus have been hindered by their transient stability. Even in biochemical buffers, most small molecule aggregates are only transiently stable, often flocculating and precipitating over several hours. Recently, strategies to stabilize colloidal particles under physiologically relevant conditions have been developed. Co-aggregation with polymeric surfactants, azodyes, or protein coronas all stabilized drug colloids over many days in buffered and serum-containing media. 18−20 Colloids of the estrogen receptor antagonist, fulvestrant, and the investigational anthracycline prodrug, pentyloxycarbonyl-(p-aminobenzyl) doxazolidinylcarbamate (PPD), can be stabilized by coaggregation with ultrapure polysorbate 80 (UP80) and poly(D,L-lactide-co-2-methyl-2-carboxytrimethylene carbonate)-g-poly(ethylene glycol) (PLAC−PEG), respectively ( Figure S1 ). 20 While these efforts have yielded drug aggregates that are stable under in vitro conditions, their stability in biomimetic, high serum conditions remains unknown, largely because the methods to even measure such stability have been unavailable. We describe a new method to measure the critical aggregation concentration in high-serum content media and demonstrate that fundamental drug colloid properties, such as those that dictate the onset of aggregation, are significantly changed under in vivo-mimetic conditions. We use fulvestrant and PPD as model colloid-forming compounds to further demonstrate that serum-stable colloidal drug aggregates influence in vivo drug circulation properties and increase the plasma half-life compared to monomeric formulations.
■ RESULTS AND DISCUSSION
Few techniques are available to probe the integrity of amorphous nanostructures in complex media. In biochemical buffers, drug colloids can readily be defined by dynamic light scattering (DLS); however these techniques are ineffective in the presence of serum due to scattering from serum proteins themselves, which is only further complicated as serum content is increased. 21 Alternatively, FRET pairs can be absorbed into the self-assembled colloids, where they can report on their gross structural integrity. 20, 22, 23 Accordingly, we designed such a strategy to study colloidal drug aggregate stability in serumcontaining media in vitro. Cholesterol-modified BODIPY dyes can be readily incorporated during colloid formation due to the hydrophobic and amorphous nature of drug aggregates. 4, 20 These dyes have substantial fluorescence intensity within drug colloids but have very low intensity when not associated with a drug aggregate or when colloids are disrupted with detergents ( Figure S2 ). Thus, we investigated the presence and stability of colloidal aggregates of fulvestrant, in high-serum conditions exploiting the fluorescence intensity changes of a BODIPY FRET pair.
We first investigated the effects of dilution and media composition on the critical aggregation concentration of fulvestrant. In protein-free media, many colloid-forming compounds, including fulvestrant, aggregate at low micromolar concentrations, as measured by light scattering ( Figure S3 ). 9 To measure the CAC of fulvestrant in serum-containing media, colloids were formulated with 10 μM of a BODIPY FRET pair in PBS with 0.01% UP80 and subsequently diluted 10-fold into media of varying serum content. We used fluorescence intensity to measure the amount of colloids present following dilution, and hence the CAC ( Figures 1A and S4 ). The CAC of fulvestrant increased with serum content ( Figure 1B) , perhaps owing to serum proteins themselves sequestering drug monomers, bile acids, and other detergent-like molecules in serum. 24 This equilibrium shift requires a higher amount of free drug for colloid formation to occur.
Drug colloids, which will ordinarily flocculate and precipitate over several hours, require a stabilizing excipient to remain in buffer and serum-containing media for longer times. 9 We investigated the role of excipients in stabilizing fulvestrant colloids in high-serum conditions, which mimic the in vivo environment. Here, using the same hydrophobic dyes, which lose fluorescence intensity as they become released when the colloids disassemble or precipitate, 20, 25 we measured the stability of colloids in complex protein media. Fulvestrant colloids were formulated at 500 μM with 10 μM of the BODIPY FRET pair and a range of UP80 concentrations and subsequently diluted 10-fold into serum-containing media (Figures 2 and S5); this results in a final concentration of 50 μM, which is above the CAC in each of the tested media. Without UP80, colloids quickly disappeared from the liquid phase and were not detectable after 10 h. A low amount of UP80 (0.001% or 0.01%) partially stabilized the colloids, but only a formulation with an initial 0.1% UP80 was stable over the entire 48-h period in the highest amount of serum, with no sign of diminishing signal. At low concentrations of UP80, the surface coverage of the colloid may be insufficient, resulting in flocculation, protein adsorption, colloid destabilization, and eventual precipitation. 26, 27 These observations are consistent with other studies where nanoparticle PEGylation and PEG surface density influence serum stability. 28, 29 
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We hypothesized that serum-stable fulvestrant-UP80 colloids would increase the circulation of fulvestrant compared to a solubilized monomeric form of the drug ( Figure 3 ). As colloid formation can be disrupted by detergents, we used 5% UP80 to yield a fully solubilized, monomeric form of fulvestrant ( Figure S6 ). Tumor-bearing mice were intravenously administered with 6 mg/kg fulvestrant (formulated at 1250 μM) as either stable colloids (with 0.03% UP80) having a diameter of 201 ± 9 nm (PDI = 0.12 ± 0.03, Figure  S7 ) or a monomeric solubilized-drug solution (with 5% UP80). Plasma drug concentrations were quantified at various time points by high performance liquid chromatography with tandem mass spectrometry (HPLC-MS/MS) to obtain a pharmacokinetic profile of fulvestrant ( Figure 3A and B ). On the basis of a noncompartmental pharmacokinetic analysis, fulvestrant colloids had a plasma half-life (t 1/2 ) that was almost 4 times longer than monomeric fulvestrant ( Figure 3C ). As only a modest increase in exposure (as seen from the area under the curve, AUC) and a decrease in drug clearance (Cl) was observed, the extended half-life of the colloidal fulvestrant is mainly due to its three-fold increased volume of distribution (V z ). We hypothesize that the UP80-stabilized colloidal fulvestrant likely reduced drug binding to plasma proteins, resulting in increased distribution to other organ tissues. In contrast, in the monomeric form, plasma proteins can sequester free fulvestrant in circulation, 30 resulting in a reduced volume of distribution. This is corroborated by the biodistribution data, which show higher tissue accumulation of colloidal fulvestrant ( Figure S8 ).
We next investigated whether the in vivo PK trends observed for stable fulvestrant colloids could be extended to another colloid-forming compound. We previously developed stabilized colloids of the investigational prodrug, PPD, using an amphiphilic polymer, PLAC−PEG. 20 Colloidal (diameter = 230 ± 10 nm; PDI = 0.20 ± 0.01, Figure S9 ) or monomeric PPD were intravenously delivered to naive NSG mice, and plasma drug concentrations were measured by HPLC-MS/MS ( Figure 4A and B). As with fulvestrant, the colloidal formulation of PPD increased plasma half-life over monomeric PPD, here by 2-fold ( Figure 4C ). For PPD, the increased halflife could be attributed to a 2-fold decrease in drug clearance and a 2-fold increase in drug exposure (AUC), rather than the volume of distribution effect that was dominant for fulvestrant. PPD is a prodrug that is activated by carboxylesterases overexpressed in some human tumors; 31−33 however, rodent plasma also has high levels of these enzymes. 34, 35 Thus, we postulate that PPD−PLAC−PEG colloids limit access of the prodrug to plasma carboxylesterase activity, preventing 
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Colloidal drug aggregates have properties that make them intriguing as formulations for drug delivery; they are composed entirely of self-assembled active drug and have nanoscale diameters. To be useful as nanoparticle formulations, however, they must be stable in vivo. Three key observations emerge from this study. First, the critical aggregation concentration of a colloid-forming compound is serum content-dependent. Naturally, for colloids to influence drug fate in vivo, they must be present, and this can only be predicted by CAC measurements in relevant, serum-containing media. To accomplish this, colloidal drug aggregates may be coformulated with excipients, improving their stability in high-serum media from a few hours to several days, likely due to reduced protein adsorption. 20 This, in turn, allows them to be injected in vivo where stable colloidal aggregates can extend the circulation half-life over their monomeric counterparts. Second, these studies were enabled by our use of hydrophobic dyes embedded within the colloids to measure colloidal stability. Whereas dynamic light scattering has found wide use in identifying, quantifying, and characterizing colloidal aggregates in buffered solutions, 4, 21, 36 it cannot be used in high-serum media. We observed no difference in the measured CAC of fulvestrant in PBS with or without BODIPY dyes when comparing fluorescence and light scattering methods, indicating minimal impact of the fluorophores on colloid formation. The incorporation of fluorophores may find broad use for characterizing colloidal aggregates in many biological milieus. Third and finally, colloidal aggregation overcomes the major limitation of poor drug loading for many current nanoparticle formulations. While many traditional nanoparticles are limited to loadings of 5−15%, 37, 38 colloidal drug aggregates offer the opportunity to increase loadings to 50−90%. The stabilized fulvestrant and PPD aggregates, used in this study as proof-ofconcept colloidal formulations, have drug loadings of 70% and 50%, respectively. Importantly, these high drug loadings are achieved without chemical modification of the drug. It is the capacity of these drugs to form colloids that results in their high loading. For example, when the PLAC−PEG polymer, used in this study to stabilize PPD, was tested with the noncolloid forming docetaxel, 39,40 significantly lower drug loading was achieved. Thus, colloidal aggregation could be combined with conventional micellar and liposomal formulations to increase drug loading while taking advantage of decades of research that has identified many nanocarrier design principles. 41, 42 Certain caveats bear airing. While the pharmacokinetics demonstrate that colloids can extend the circulation of fulvestrant and PPD, these differences were only observed at the later time points. Thus, there is an opportunity to improve drug pharmacokinetics by enhancing the stability of colloidal drug aggregates earlier in their time course. Our results also suggest that the extent and mechanisms by which stable drug colloids influence pharmacokinetics are dependent on the formulation itself. Drug-dependent processes such as plasma protein adsorption, metabolism, and tissue distribution may contribute to these differences. The two excipients used to stabilize fulvestrant and PPD likely also contribute to the differences observed as they may impact formation of protein coronas, which in turn influence in vivo circulation. 28, 43 Further studies will be required to determine how the changes to pharmacokinetics observed herein influence drug efficacy and how stable colloidal aggregates of other drug-excipient combinations might behave in vivo.
These caveats should not obscure the principal observations from this work. While the in vitro implications of colloidal aggregates have been intensely studied, 4, 5, 17, 44 investigations into the in vivo consequences of small molecule aggregates have been rare. This study suggests that serum-stable colloidal drug aggregates do indeed influence drug fate and furthermore that they may be intentionally designed to do so. It is conceivable that such a colloidal formulation strategy may be adapted to benefit the many drugs that aggregate at relevant concentrations.
■ MATERIALS AND METHODS
Materials. Fulvestrant was purchased from SelleckChem, and PPD was synthesized as previously described. 32 Ultrapure polysorbate 80 (H2X, UP80) was purchased from NOF America Corporation. Poly(D,L-lactide-co-2-methyl-2-carboxy-trimethylene carbonate)-graftpoly(ethylene glycol) (PLAC−PEG) was synthesized as previously described. 29 CholEsteryl BODIPY FL C12 and 543/563 C11 were purchased from Thermo Fisher Scientific. Charcoal-stripped fetal 
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Colloid Formation and Stability Studies. Colloids of fulvestrant and PPD were formed as previously described. 20 Briefly, a typical formulation comprised 880 μL of double-distilled water (ddH 2 O) and 20 μL of drug stock solution (in DMSO) followed by the addition of 10× PBS (100 μL). Drug stock solutions were prepared to obtain the desired final concentration. Excipients were incorporated into ddH 2 O prior to colloid formation. Fluorescent colloids were prepared by including the FRET pair of CholEsteryl BODIPY dyes (FL C12 and 542/563 C11) in the drug stock solution. On the basis of previous experiments, a final dye concentration of 10 μM and a donor-to-acceptor ratio of 0.875:0.125 was used. 20 For CAC measurement and stability experiments, colloids were formulated in PBS, as above, and then diluted 10-fold into various media. Colloids were incubated at 37°C for the duration of the stability studies.
Colloid Characterization. Diameter, polydispersity, and normalized scattering intensity were measured using dynamic light scattering (DLS). A DynaPro Plate Reader II (Wyatt Technologies), with a laser width optimized for colloidal aggregate detection by the manufacturer, was used with a 60 mW laser at 830 nm wavelength and a detector angle of 158°. Fluorescence intensity of colloids coformulated with the BOPDIY dye FRET pair was measured using the Tecan Infinite 200 Pro plate reader. The FRET pair was excited at 490 nm, and the acceptor emission was measured at 575 nm.
Morphology of colloids was assessed by transmission electron microscopy where 5 μL of colloid solution was deposited on glowdischarged 400 mesh carbon-coated copper grids (Ted Pella Inc.) and allowed to adhere for 3 min. Excess liquid was removed and grids washed with 5 μL of double-distilled water. Grids were stained with 1% ammonium molybdate (pH 7, 5 μL) for 30 s. After excess stain removal, samples were imaged using a Talos L120C transmission electron microscope operating at 80 kV. Images were captured using a CETA CMOS camera and analyzed using ImageJ software.
Cell Maintenance and Preparation for Xenografts. Cells were maintained at 37°C in 5% CO 2 in media supplemented with 10% FBS, 10 units/mL penicillin, and 10 μg/mL streptomycin. MCF-7 cells were purchased from ATCC and cultured in DMEM-F12 media. To prepare cells for injection, cells were detached using trypsinethylenediamine tetraacetic acid (trypsin-EDTA) followed by pelleting and washing with PBS (three times). MCF-7 cells were resuspended at 10 8 cells/mL in 50% Matrigel in PBS.
Orthotopic Breast Tumor Model. Animal study protocols were approved by the University Health Network Animal Care Committee and performed in accordance with current institutional and national regulations. Mice were housed in a 12 h light/dark cycle with free access to food and water. NOD-scid-Il2rgnull (NSG) female mice were bred in-house and received tumor xeno-transplantation at 9weeks old. Slow release 17β-estradiol pellets (0.72 mg/pellet, 60-day release) were subcutaneously implanted in mice 4 days prior to tumor cell transplantation. For orthotopic mammary fat pad surgeries, mice were anaesthetized with isoflurane-oxygen, and the surgical area was depilated and cleaned with betadine. An incision in the skin of the lower abdomen to the right of the midline was made to reveal the mammary fat pad. Cells were injected into the right inguinal region (50 μL injection, 5 × 10 6 cells/mouse). The incision was then sutured, and lactate Ringer's solution and buprenorphine were postoperatively administered for pain management and recovery.
Intravenous Injection. Tumors were allowed to grow for 3 weeks until palpable (100 mm 3 ). Formulations were injected intravenously using a BD324702 insulin syringe. The volume of injection was based on the weight of the mouse in order to administer the intended dose and no more than 10% of the blood volume.
Pharmacokinetics and Biodistribution Study. In each study, mice received either a colloidal formulation (as described above) or a monomeric formulation, comprising the same dose of drug solubilized with 5% polysorbate 80. Formulations were administered at the intended dose via tail vein injection. At time points after the injection, blood was drawn via the saphenous vein (<30 μL) into EDTA-coated microcuvette tubes (Sarstead 16.444.100) such that each mouse was not sampled more than three times. At terminal time points, blood was collected by cardiac puncture after CO 2 asphyxiation. After collection of blood, tubes were immediately centrifuged, and isolated plasma was flash-frozen. For biodistribution, organ tissues (tumor, heart, lung, liver, kidney, spleen, brain) at terminal time points of PK studies were collected in preweighed vials after rinsing with PBS and flash frozen.
Drug Extraction and Protein Precipitation. Drug concentrations were determined by HPLC-MS/MS following drug extraction and protein precipitation. Plasma samples (10 μL) were diluted with 10 μL of 1% formic acid solution and 10 μL of internal standard at 10× the final concentration in acetonitrile (ACN) followed by vortexing (10 s, 2 times). Samples were further diluted with 70 μL of ACN followed by a second round of vortexing and then centrifuged at 16 000g for 15 min at 4°C. The resulting supernatant was collected for analysis by HPLC-MS/MS. Standard curves were prepared in a similar manner with 10 μL of a 10×-concentrated standard solution spiked into blank plasma prior to the first round of vortexing.
To prepare organ tissue, samples were thawed and weighed followed by the addition of 20 zirconia beads (1.0 mm diameter) to facilitate homogenization. To each vial were added 100 μL of 1% formic acid solution and 100 μL of 10×-concentration internal standard solution. Samples were then homogenized for 1 min (2 times) using a bead beater with 1 min on ice between each run. Cold ACN was then added (800 μL) followed by an additional round of homogenization. Samples were centrifuged at 16 000g for 15 min at 4°C and supernatant collected for analysis. Standard curves were prepared by spiking blank liver tissue with 100 μL of 10×concentration drug solution.
Drug Quantification by HPLC-MS/MS. Fulvestrant and PPD concentrations were determined by HPLC-MS/MS. Chromatographic separation was performed using a Waters XTerra C8 column (5 μm) on an Agilent 1100 HPLC equipped with an AB Sciex API 4000 triple quadrupole mass spectrometer with electrospray ionization source detector. Mobile phases of 0.1% formic acid in water (solvent A) and methanol (solvent B) were used. Fulvestrant and PPD standard curves were prepared in blank plasma or liver as described above (0.5−500 ng/mL) using norethindrone or docetaxel (50 ng/mL) as an internal standard, respectively. If necessary, samples were diluted to be within the standard curve with blank plasma or liver that had been spiked with IS solution.
PK and Statistical Analysis. PK parameters were determined using Phoenix WinNonlin software. Statistical analysis was performed using GraphPad Prism 5.0 software.
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